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ABSTRACT

The performance characteristics of gaseous secondary injection
thrust vector control in overexpanded primary nozzles are in-
vestigated under sea-level conditions. Nitrogen gas is used
in both the primary and secondary systems. Four interchange-
able primary nozzles with 6.79, 10.72, 16.56, and 25.00 area
ratlos provide a wide range of test conditions. Data plots
incorporating the effects of total and differential flow

rates from two opposed injection nozzles‘provide criteria for
predicting performance of a vehiclevwhose primary nozzle is

overexpanded relative to the amblent pressure.

Frequency response and injection angle characteristics are
determined for secondary injection thrust vector control in a

primary nozzle with sea-level expansion.



FOREWORD

This report describes the results’of the work accomplished
under NASA Contract NAS 1-7154 entitled "Investigation of
Gaseous Secondary Injection Thrust Vector Control Consider-
ing Primary Nozzle Overexpansion, Frequency Response, and
Injection Angle'. The test data obtained serves to extend

the information obtalned under previous contracts (NAS 1-2962

and NAS 1-4102).

The contract was performed at the Troy, Michigan, facility of
the Vickers Division of Sperry Rand Corporation under the

technical cognizance of Mr. John Riebe, Langley Research

Center.
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NOMENCLATURE

Definition

Primary nozzle exit area
Injection nozzle throat area
Injection nozzle exit area

Area of primary nozzle in plane of
injection

Nozzle throat area

Diameter of primary nozzle in exit
plane

Diameter of primary nozzle at plane
of injection

Axial thrust of system

Measured side force
Gravitational constant
Accommodation height: distance of
penetration of the secondary jet

perpendicular to the primary nozzle
axls in the plane of the iInjectors

Primary specific impulse
Injectant gas specific impulse
Distance from injection plane to

nozzle exit plane parallel to
nozzle axis

-~ Primary nozzle exit Mach number

Injection nozzle Mach number

vii

sec

sec



nsma

Definition

Primary stream Mach number at
injection plane

Primary gas mass flow rate

Mass flow rate through one injection
nozzle

Differential injection nozzle flow

Total secondary system mass flow
rate in tests using two injection
ports

Abbreviation for pressure unit of
newtons per square meter absolute

Pressure
Ambient pressure
Primary chamber pressure

Theoretical exit pressure for
full-flowing nozzle

Injection nozzle exit pressure
Injection nozzle chamber pressure

Difference in injector chamber
pressure

Primary stream pressure at plane
of injection port

Boundary layer separation pressure

Average pressure in separated region

viii

kg/sec

kg/sec

kg/sec

kg/sec

nsma
nsma
nsma

nsma

nsma
nsma

nsma

nsma

nsma

nsma




Definition

Gas constant

Gas total temperature

Throat to injection plane distance
divided by throat to exit plane

distance

Primary nozzle half-angle

- Specific heat ratio

Angle between injection nozzle
centerline and a line perpendicular
to the motor nozzle axis - upstream
angle defined as positive

Shock angle

Azimuth of shock on nozzle wall at
exit plane

Azimuth of shock on nozzle wall in
injection plane

Effective shock angle along nozzle
wall

ix

Units
m/ °K

°K

degrees

degrees

degrees

degrees

degrees

degrees
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SECTION 1

INTRODUCTION

1.1 Program Objectives

The primary objective of this investigation was to gain a better
qualitative and quantitative understanding of secondary injection
thrust vectoring in overexpanded primary nozzles. Data obtained
under a number of overexpansion conditions using nitrogen gas
in both primary and secondary systems can provide design criteria
for adapting separated-flow secondary injection thrust vector

control (SITVC) to operational vehicles.

The program also had two secondary objectives. First was an
investigation of the dynamics of SITVC by frequency response
testing. Second was an investigation of the effects on the
thrust vectoring force produced by varying the angle of the
injection nozzles. Both of these investigations were performed
in sea-level nozzles with nitrogen gas used in both primary and

secondary systems,

1.2 Previous Testing

Under contract NAS 1-4102 with NASA Langley, three tests of warm

gas SITVC were conducted under simulated altitude conditions at
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the Allegany Ballistics Laboratory. During portions of each
test, the pressure within the altitude cabin rose above the
design limits. When this occurred, the primary nozzle became
overexpanded relative to ambient conditions, and the primary
flow separated from the nozzle wall. The specific impulse
measured for the secondary system under separated-flow conditions
was significantly greater than that obtained when the primary

nozzle was flowing full.

The potential benefits of this increase in SITVC specific im-
pulse warranted further study of separated-flow systems.

Greater specific impulse would be obtained at the lower al-
titudes when the primary nozzle is highly overexpanded. The fuel
weight saved by using a separated-flow SITVC system at the lower
altitudes would allow use of an overexpanded primary nozzle
which, in turn, becomes more efficient with increasing altitude.
Proper matching of primary and secondary systems could reduce

the number of stages in a vehicle.

1.3 Description of Experimental Hardware

In an effort to verify and expand the separated-flow results
of NAS 1-4102 testing, experimental hardware was designed to

represent a wide range of overexpansion conditions. The

1-2
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xé . - primary nozzle on which all three-dimensional testing for this
program was performed consisted of a single mixing chamber and
four interchangeable nozzle extensions. The primary nozzle

(throat diameter = 0.739 inch = 0.01877 meter) passed a nominal

6 1b/sec (2.72 kg/sec) of nitrogen gas at 600 psia (4.14 x 100

nsma) chamber pressure. Each primary nozzle extension contained
two opposed secondary injectors at an X/L location of 0.75.

In each extension ten pressure taps were located in the nozzle
- wall. Each secondary nozzle (throat diameter = 0.234 inch =

0.00594 meter) passed a nominal 0.6 lb/sec (0.272 kg/sec) of

nitrogen gas at 600 psia (4.14 x 10% nsma) chamber pressure.

, Injector exit areas were sized to match exhaust pressure to the
expected pressure under the shock in the primary nozzle when

f% the injector was passing 0.3 1b/sec (0.136 kg/sec) of nitrogen

gas. Other system parameters are given in Figure 1.1.

The primary and secondary systems were mounted on a thrust

stand capable of measuring axial thrust and side force in the

plane of injection. Nitrogen flow to the injectors was con-
trolled by a proportional pneumatic valve mounted on the base

of the stand. Photographs of the thrust stand assembly are

presented in Figures 1.2 and 1.3.




In addition to the three-dimensional testing, a two-dimensional

model of gaseous SITVC in an overexpanded nozzle was constructed.

The flow structure in this model was photographed with Schlieren
equipment. Different degrees of overexpansion were simulated by
varying the primary chamber pressure. Schlieren test conditions

and photographs are presented in Section 4.1.

1.4 Test Program

A total of ninety-eight tests were performed. Tests 1 to 84
(see Figure 1.4) provide the inter-relationships of side force,
primary nozzle overexpansion, total secondary system gas flow,
and differential gas flow between the opposed injectors. Tests
85 to 98 are 1istéd in Figure 1.5. Tests 85 to 8/ determine the
frequency response characteristics of the TVC fluid mechanism.
Tests 88 to 98 employed a number one primary nozzle extension
modified to hold a single swivelled injéctor. Effects on side
force of varying the injection angle can be studied under sea-

level conditions.

In tests in which nitrogen was flowing through both injection
ports, the command signal to the proportional valve was pro-
vided by the tape-recorded program shown in Figure 1.6. For

single-port tests, step and ramp signals were applied manually.

1-4
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Outputs from all pressure transducers, load cells, and turbine
flowmeters were recorded on an oscillograph for all tests.
Oscillograph paper speed for the frequency response tests was
0.1 meter per second; for other tests a 0.0l meter per second

paper speed was used.

The test program was performed at the Vickers Administrative

and Engineering Center in Troy, Michigan.

1-5



00 = 3 G/'0 :UOF3IBOOT 1/X aoiosfug oG :so18ue uoisuedxs Liepuooss pue Liewrid

122070 £8E0°0 £890°0 GIZ1°0 onm\mm ‘oraex sanssaad asqueyo/2Tx® a03d9fuy

80€T10°0 G6010°0 61600°0 ! 28£00°0 (w) Ca .umumamﬁn 17x® xozoafug

78° ¥ ov° ¢ ov° 2z 9¢/"1 *n<\ﬁ< ‘or3lea ®RI® 3BOIL/ITXD I0303fuUf

71°¢ LL"T 0%* 2 €0°2 W mz ‘zoqumu yodel 1IX° Io3oalfur
Hmmo.o. 2121°0 omm.o;. 65%7°0 M (eusu 407 ¥ G¥°¢ = °d usaT8) mm\mm
TLLOO YY1 0 692°0 GESO0 W (ewsu 60T ¥ 1'% = °g usa18) ®4/°q
9260°0 8691°0 €2€°0 1790 w (Pusu 60T X £8°% = °d u2a18) ®d/°q

ww | 123 03 @anssaad orasydsoume 3o owumm

028°L 0TE ¥T 00€‘Lz | 00Z°%G | (Busu) ‘(ewsu g0T X ¥1'¥ = °d u2Alld) °d BuimoTI-TINd

68T00°0 9%€00°0 6G900°0 W TTI€T0°0 °4/%4 ‘orzexa sanssaad

| aequeyd>/11xe Azewrad Butmolj-TINF TeOTISIOYL

0%60°0 | §9/0°0 190°0 | 68%0°0 (my °q ‘xensweTp 317X ArEWiig

00°62 | 9G6°91 Nh.Oﬁm mm.ww x¥V/°y ‘or3ea eaie 1®OIYl/1TX® AIBUWIAJ

0°¢g | G'Y 0° v G°¢ z ‘wesxls Axeuwtad

. | wzﬁSOAM TINJ Y3 T4 I2qunu yYoe ITXD TEOIIDI093YL

V4 € Z H. UOTSuUd1Xd °o]zzou Axewlld

SYALHWVIVd WHLSAS

1° 1T NOIA

1-6



e o 5 > o

ik

(1 "oy uotsuoyxm T DTS -
A1quessy 212zoN i /) sdey, PINESAZL TTEM

S

P : . . 3 i S L : : > S

o
-
.




. PRSI e

L

A1ques m< puels Isnayr

St

JUSWSINSBO) 9010
°PIS I04 STT9) peOT

- mwawg,mﬂwmmm
. 30303fuy s

Smoe e ot = S
= e

k . . , . - .
- = . , -
- ‘ - . -
, -

e
- - s o
= oSkl . , -
: ... .
- o . -

N

5

A
i

e




FIGURE 1.4 - SEPARATED -FLOW TEST CONDITIONS

; Priméry Flow Total Secondary
Test | Extension (kg/sec.) Flow (kg/sec.)
1 f 1 3.18 .272
2 | 1 3.18 .227
3 § 1 % 3.18 181
4 é 1 3.18 .136
5 1 | - 3.18 .091
6 § 1 j 3.18 .045
7 1 | 2.72 272
g | 1 | 2.72 .227
9 | 1 | 2.72 | .181
10 1 | 2.72 | 136
11 1 | 2.72 .091
12 1 2.72 045
13 | 1 2.27 .272
14 1 2.27 .227
15 1 2.27 .181
16 1 2.27 .136
17 1 2.27 .091
18 1 2.27 .045
19% 1 3.18 0-0.272
20% 1 2.72 0-0.272
21% 1 2.27 0-0.272

Tests 22-42:
Tests 43-63;
Tests 64-84:

Same as Tests 1-21 except using extension 2.
Same as Tests 1-21 except using extension 3.
Same as Tests 1-21 except using extension 4.

* Tests to be performed with one injection port blocked and
the flow to the other port varied.
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FIGURE 1.5 - FREQUENCY RESPONSE AND VARIED

INJECTION ANGLE TEST CONDITIONS

Primary Flow !Total Secondary

. Special
Test |Extension | (kg/sec.) |[Flow (kg/sec.) Condition
t
85 1 | 2.72 | .272 | Frequency Response |
; ;
| 86 | 1 ! 2,72 % .181 . Frequency Response |
- 87 g 1 ! 2.72 2 .091 . Frequency Response |
| | |
, 88% | 1 | 2.72 . 0-0.272 | 30° Downstream |
; ! ‘ i Injection Angle f
f : E | %
| 89 1 | 2.72 . 0-0.272 22%° Downstream |
§ i Injection Angle
| 90* 1 2.72 0-0.272 15° Downstream
E ! Injection Angle
, i
| : !
[ 91% 1 ; 2,72 | 0-0.272 ' 7%° Downstream
§ § ' Injection Angle
P 92% 1 2.72 0-0.272 0° Injection Angle
!
1 93% 1 2.72 0-0.272 7%° Upstream
i ; Injection Angle
! 2.72 0-0.272 15° Upstream
: i Injection Angle
‘ 3 | |
95% | 1 2.72 0-0.272 | 22%° Upstream
; Injection Angle
96%* 1 | 2,72 0-0.272 30° Upstream
| 3 Injection Angle
. 97x 1 2.72 0-0.272 | 37%° Upstream
; ! Injection Angle
g .
98* 1 g 2.72 0-0.272 ! 45° Upstream
1 ?

Injection Angle

* Tests to be performed with one injection port
the flow to the other port varied.

1-10
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Full flow, +
one injector

null flow ~ time

20 (sec.)

Full flow, -+
other
injector

Figure 1.6 Command Signal to Proportional Valve
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SECTION 2

THEORETICAL ANALYSIS

2.1 Calculation of Accommodation Height

The first step in analyzing a SITVC system is calculation of
the accommodation height. The accommodation height, h, is
defined as the distance of penetration of the secondary jet
perpendicular to the primary nozzle axis in the plane of the
injectors. The approach used in calculating h begins with pri-
mary and secondary flow and momentum equations across the plane

of the injectors. For identical primary and secondary gases:

M,A P, / 1+% (v-1) Mg?2 = MgAqPq V145 (y-1) Mg?

5
MyAsPy J/ 1+% (y-1) sz = M,ALP, /1+% (y-1) M,

P0A0(1+YMj2) = P3A3(1+YM32) + Pghy
PoAy = Pud, (L+y2)

The subscripts refer to the following flow conditions:
0, primary stream at injection plane with no injection
3, primary stream at injection plane with injection

4, secondary stream at injection plane

2-1



j, secondary stream at injector exit »

/
The average pressure in the separation region, fs, is

approximated as

5

where separation pressure P, is obtained as a function of
M,, Py, and y from oblique conical shock tables.

By geometry

AO = A3+A4,

and as a boundary condition approximation

This provides a system of seven equations with seven unknowns
(M3, A3, Py, My, A4, Py, Pg), which can be solved for 4,. With =

an additional approximation that the secondary flow area is a

-
2
half-circle, h = v/—éé-.

This approach was applied to the test conditions obtained in three-

dimensional testing. Representative results obtained for 4.14 x

10 nsma primary chamber pressure and 2.72 kg/sec nitrogen flow

rate are:




i

Extension No. vl 2 3 4

h, at'mJ = 0.136 kg/sec 0.01410 0.01872 0.0255 0.0319 meter
h, at ﬁj = 0.272 kg/sec 0.01788 0.0224 0.0299 0.0396 meter

A sizing procedure for the injection nozzles is implied in the

set of equations presentéd above. For any given primary system,
values of M, and P, can be used to obtain Pg directly from oblique
conical shock tables. 1In order to match the injectors to the
separation pressure under the shock, the injector exit pressure,
Pj, is set equal to Pé by obtaining the proper combination of

secondary chamber pressure and exit Mach number.

2.2 Determination of Shock Location

When the gas from the secondary system is injected into the
primary stream, an oblique shock is produced. Pressures on
the primary nozzle wall under this shock both upstream and
downstream of the injection port are increased. This provides
a significant addition to the side force produced by the mo-
mentum of the injected gas. For this reason, the injector
should be located as far upstream as possible in order to in-
crease the area ﬁnder the shock. The limitation to upstream
injector placement is the azimuth of the shock on the nozzle

wall at the exit plane. When this azimuth (&, in Figure 2.1)

2-3



approaches or exceeds 90°, a large portion of the excess pres-
sure distribution under the shock is either wasted on a portion
of the wall at right angles to the desired direction of side
force or even creates‘a negative side force component. A
design selection of &, equal to 75 or 80 degrees at the maxi-
mum injector flow rate is desirable. This provides a small
safety factor in case the actual TVC system produces a &,

greater than the design value.

An empirically determined equation (See referenced Vickers re-

ports, particularly NAS 1-4102 Phase I report.) for exit plane

shock azimuth is

L L D o)
®, = 2 arcsin {ﬁg tan (y-a) + ﬁi tan a + ﬁ% sin 7;}

where Lo is the axial distance from injection plane to primary
exit plane, Dy is the primary nozzle exit diameter, ¥ is the
effective shock angle along the wall (approximately 7° greater
than the oblique shock, a is the 15° expansion half-angle, Do
is the primary nozzle diameter at the injection plane, and &,
is the shock azimuth in the injection plane. The @, shock

azimuth is approximated as

@, = 2 arcsin b 470
Do

where h is the secondary jet accommodation height whose method

2-4




of computation is shown in Section 2.l.

This method of determining the shock outline assumes that the
secondary jet presents an effective half-circle of obstruction

(with radius h) to the primary stream. Experimental evidence

has shown that an additional '"filling" effect along the nozzle wall
extends the shock influence another 7°, Under full-flowing
conditions in the primary stream, this flow structure is main-
tained through to the primary exit plane (see Figure 2.1).

Under moderate separated-flow conditions, this basic flow

structure still exists. As the degree of separation increases,

new flow structures may develop.

An X/L location of 0.75 (see definition of X/L ratio in Nomen-
- clature) was used for the injectors in all four primary nozzle
] extensions. Application of the shock equations given above

produced the following results.

extension m3 ) e
. (kg/sec) (deg.) (deg.)
g 1 0.136 47.2 62.2
1 0.272 57 .0 73.2
2 0.136 49.8 68.5
2 0.272 58.6 76.4
3 0.136 54 .2 75.0
3 0.272 64.2 84.0
4 0.136 57.0 79.0
4 0.272 70.6 91.7




s

2.3 Thrust Calculations .

For a full-flowing nozzle, the axial thrust can be calculated

by the equation
F = Ag(M? v PetPg-Py) -

With 6 1b/sec (2.72 kg/sec) of nitrogen gas flowing through

extension 1, theoretical F is 373 1b (1659 newtons). In ex-
tensions 2, 3, and 4, primary flow separates from the wall.
The efficiency loss caused by flow separation reduces the ex-

pected thrust to a value below 373 1b,

In tests employing warm gas injection into the hot gas stream
of a solid propellant rocket motor, the TVC side force per

injector can be calculated by the equation

R Ly / gYRT 0< &< 30°.
J cos ¢ 1+% (y-1) sz -

This equation is merely the injector momentum equation multi-

plied by 2/cos &. The factor of 2 reflects the magnification

of side thrust brought about by the TVC phenomenon. The

cos € term reflects the increase in side thrust as the secondary

gas is injected upstream.

2-6
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With secondary injectibn, a nitrogen flow rate of 0.6 lb/sec
(0.272 kg/sec), injection angle £ = 0°, and secondary total

temperature of 40°F (278°K), the calculated value of Fy for

extension 1 is 62,5 1b (278 newtons). Calculated specific

impulse is 104 seconds.

Side force produced under the separated flow conditions en-
countered in extensions 2, 3, and 4 cannot be calculated with
the Fj equation. The primary objective of this program is to

determine the separated-flow SITVC forces experimentally.
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SECTION 3

TEST RESULTS: THRUST MEASUREMENTS

"3.1 Opposed Injector Testing

Of the 98 tests in the entire program, 72 of these were performed
with the thrust vector control flow coming from two opposed in-
jection ports. Results of these tests are presented in Figures
3.1 through 3.18. Each figure presents the data obtained for

the four nozzle extensions under nominally identical primary

and secondary flow rates and chamber pressures. The data points
were obtained at various steps commanded of the TVC system by

the tape-recorded input program (Figure 1.6). Data points

obtained for steps of increasing differential secondary flow

‘are differentiated from those of decreasing differential flow.

In drawing curves through the data points for each test, con-
slderation was given to the shape of the TVC force oscillo-
graph traces relative to the injector chamber pressures during

the ramp portion of the input program.

As would be expected, a good deal of scatter is sometimes found

in the Ij data points at the low differential flow levels. Since
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the limitation on precision in measuring or calculating dif-
ferential flow and side force when both are near zero can

cause large percentage variations in Ij.

For all tests shown in Figures 3.1 through 3.18, a value for
the pressure ratio P_/P, is given. In this ratio, P_ is a
theoretical value for primary stream exit pressure when the
primary stream is flowing full. In most of the tests the pri-
mary stream was separated from the nozzle wall,but use of this
theoretical P, value in a ratio with measured atmospheric
pressure P, provides a scale by which relative overexpansion
can be measured. Each secondary flow condition was tested in
four primary nozzle extensions at three different primary
chamber pressures. Thus twelve values of Pe/Pa are available

for each secondary condition.

The data for the secondary flow conditions are plotted in a
non-dimensionalized form of specific impulse ratio, Ij/l,
versus P_ /P, in Figures 3.19 through 3.30. This plotting for-
mat simulates the specific impulse characteristics for a given
SITVC system in an ascending vehicle (theoretical full-flowing
P, is constant, P, decreases, therefore Pe/'Pa increases with

altitude). Two sets of specific impulse characteristics are
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presented. In the first set (Figures 3.19 through 3.24), a
family of curves for varilous differential flows are given for
the six total secondary flow rates tested. Differential and
total secondary flow data are presented as ratios to primary
flow in order to simplify application of the curves to other
systems. As can be seen in Figure 3.19 fdr example, the
curves for the lower differential flows coincide over the
entire range of overexpansion. For the same total secondary
flow rate, the curves for higher differential flows fall
below the others at the lower values of P./P,. In the second
set (Figures 3.25 through 3.30), curve families of total |

flow rate are presented for each of six differential rates.

3.2 Single Port Testing

Twelve tests were run with one of the two injection ports
blocked to make sure that the separated-flow side forces

were not affected by interaction of the primary stream with
any leakage flow from the second injector. Individual curves
for each test are plotted in Figures 3.31, 3.32, and 3.33 in
a manner similar to that of the opposed port tests. Each of
these tests produced a relatively constant secondary specific
impulse over the secondary flow range. When the Ij/I ratio

for each of the twelve tests is plotted according to its
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Pe/Pa ratio, the curve given in Figure 3.34 results.

3.3 Axial Thrust

Average values for specific impulse produced by the primary

thrust for each extension are as follows:

Extension , 1 2 3 4
Specific impulse, I (sec) 62 60 56 56
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SECTION 4

TEST RESULTS: SEPARATED-FLOW SHOCK STRUCTURE

4.1 Schlieren Tests

A two-dimensional model of gaseous SITVC was tested in the
Schlieren system showﬁ in Figure 4.1, Design parameters and
Schlieren test outline are given in Figure 4.2. Photographs

of the sixteen fest conditions appear in Figures 4.3 through
4.6. Test conditions 1 through 4 (Figure 4.3) correspond to
the flow structure occurring in the three-dimensional primary
nozzle extension 1. As the primary chamber pressure in the
Schlieren system is lowered, the degree of overexpansion of
primary nozzle extensions 2, 3, and 4 is simulated by test
conditions 5-8, 9-12, and 13-16 respectively. 1In test con-
ditions 13 through 16 (Figure 4.6), however, some problems

with the primary stream were encountered. When primary chamber
pressure becomes as low as it did in this case (less than six
times ambient), the flow stream in the diverging portion of the
nozzle tends to become unstable and non-symmetric. As a re-
sult, the photographs in Figure 4.6 do not present a true
representation of the flow structure of three-dimensional pri-

mary nozzle extension 4.
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From measurements made on the Schlieren photographs for test
conditions 1 through 12, a plot of accommodation height versus
secondary/primary flow ratio 1s presented in Figure 4.7. Plots
of secondary injection boﬁndary layer separation point and the
opposite wall separation point versus secondary/primary flow
ratlo are presented in Figure 4.8. Finally, shock angle meas-

urements are given in Figure 4.9. Some observations can be made

from these plots:

1. Accommodation heights for full-flowing or slightly over-
expanded nozzles vary almost linearly with secondary flow

rate.

2. With greater overexpansion, accommodation height is non-
linear and significantly larger than for the full-flowing

conditions.

3. Secondary injection boundary layer separation point moves
slightly upstream with increased injection flow and with

increased primary nozzle overexpansion.

4, The distance from the injector centerline to the secondary
injection boundary layer separation point is more than

double the accommodation height.
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5. Flow separation point as observed on the wall opposite
the injector moves downstream with increase of injected

flow due to flow augmentation effects.

6. Shock angle increases slightly with increased injection
flow and increases more significantly with increase in

primary nozzle overexpansion

4.2 Shock Patterns

In each of the four primary nozzle extensions used in three-
dimensional testing, ten pressure taps were drilled into the
nozzle wall around one of the injection ports. Three were lo-
cated directly upstream of the injection port, three in the
radial plane through the injection ports, and four in a plane
0.1 inch (0.0019 meter) from the primary nozzle exit. These

locations are tabulated in Figure 4.10.

The pressure taps were used to determine the shock outline on
the nozzle wall. Figures 4.11 through 4.14 show the patterns
produced in the four extensions. Each figure contains a full-
scale development of the nozzle cone. Nominal primary flow
conditions for all cases are 2.7 kg/sec flow rate and 4.2 x
106 newtons/'meter2 (600 psi) primary chamber pressure. For

reference, the calculated location of 8 psia (55,200 nsma)

4-3



static wall pressure for a full-flowing primary nozzle is
shown for extensions 2, 3, and 4. The shock patterns pro-

duced for three different secondary flow rates are shown on

each development,

When the shock azimuths fall beyond the pressure taps near
the instrumented port, the azimuths are located by using data

obtained with the given flow rate coming from the opposite

port.

Cross-plots of the shock apex locations and exit plane shock
azimuths versus ﬁj are provided in Figures 4.15 and 4.16
respectively. Figure 4.15 correlates with the Schlieren
observations in that the secondary injection boundary layer
separation point moves upstream with increased injection flow
and with increased primary nozzle overexpansion. Similarly,
the ¢, characteristics of Figure 4.16 support the Schlieren
data regarding variation of shock angle with injected flow
and overexpansion. Some other general statements can also

be made in regard to the exit plane shock azimuth:

1. Under many test conditions, ¢, exceeded 90°; therefore,

some negative side force components were present.

2. At maximum ﬁj in extension 4, the shock from the

4-4




instrumented injection port seems to intersect with the

opposite wall.

3. As degree of overexpansion increases, it becomes more

difficult to determine exact shock patterns because of

a tendency of the injected flow to spread out and "fill"

. the primary nozzle rather than create a sharply defined

shock,

Further analysis of the shock pattern data in conjunction with

the SITVC side force data of Section 3 is presented in Section 5.
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 % SCHLIEREN DESIGN PARAMETERS

PRIMARY NOZZIE

Half-cone angle = 15° |
Exit/throat area ratio = 6.79 (Mach 3.5)

SECONDARY NOZZLE

Injection angle: perpendicular to primary axis
Injection position: primary nozzle X/L = 0.75
Throat area = 0.100 primary throat area

Half-cone angle = 15°

Exit/throat area ratio = 1,6875 - (Mach 2)

SCHLIEREN TEST OUTLINE

Primary Chamber Secondary Chamber Resultant
Test Pressure Pressure Secondary/Primary
) Condition (103 nsma) (psia) (103 nsma) (psia) Flow Ratio
’ 1 4140 600 S 0
& 2 4140 600 827 120 0.02
5 3 4140 600 2070 300 0.05
4 4140 600 4140 600 0.10
5 2080 301 - - 0
6 2080 301 415 60.2 0.02
7 2080 301 1040 150.5 0.05
8 2080 301 2080 301 0.10
9 1090 158 .6 - - 0
10 1090 158.6 219 31.7 0.02
11 1090 158.6 547 79.3 0.05
12 1090 158.6 1090 158.6 0.10
13 596 86.5 ———— -—— 0
14 596 86.5 119 17.3 <0.02
15 596 86.5 298 43,25 0.05
16 596 86.5 596 86.5 0.10

FIGURE 4,2 - SCHLIEREN STUDY
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SECTION 5

DISCUSSION OF SEPARATED-FLOW RESULTS

5.1 Test Results Versus Predicted Values

In reviewing the test results, the most important factor to be

-considered is the exit plane shock azimuth ¢,. Predicted values

of &, given in Section 2.2 are lower than those obtained in the
tests (see Figure 4.16). Specifically, the predicted values in
all but the most extreme case of primary nozzle overexpansion
are less than 90°. Experimental data show ¢, to be greater than
90° in most cases. The efficiency of the oblique shock to
amplify the thrust vectoring of fhe secondary jet decreases as
®, reaches 90°. When @, is significantly greater than 90°,

some of the excess pressures generated on the primary nozzle

wall actually oppose the force created by the secondary jet.

Someneffects of this can be seen in the individual test results
presented in Section 3, Tests with extensions 1 and Z some-
times show a small decrease in specific impulse at the higher
flow rates. Extensions 3 and 4 almost invariably show decreas-
ing Ij with increasing secondary flow. It is interesting to
compare the relatively simple characteristics produced in single-

port testing (Figures 3.31, 3.32, and 3.33) with the two-port
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characteristics of Figures 3.1 through 3.18. 1In two-port test-

ing, the flow from the opposed port tends to interact and

create complex results under separated-flow conditions.

Some observations can be made in attempting to correlate pre-
dicted shock parameters, Schlieren photographs, and expérimental
shock outlines. The two-dimensional Schlieren data and the
experimental data show qualitative agreemeht in all comparable
areas. These two sources can be used together to evaluate the
mathematical model and its predicted shock outline. This
evaluation can be applied, for example, to the relative shape
and size of the shock outline. The actual shock was wider than
anticipated but its apex was not as far upstream as expected:
these two factors can be verified by comparing the shock lo-
cations of Figures 4.11 to 4.1l4 relative to the pressure taps
which were to pick up the shock outline. It is interesting

to note that the calculated values of accommodation height h

presented in Section 2.1 are almost identical to the values

for shock apex location provided by the test results of Figure

4.15. The Schlieren data of Section 4.l1,however, indicated

that the distance from injector centerline to shock apex was
approximately double the accommodation height. The inference

is that the injected nitrogen stream penetrated a lesser

5-2




distance into the primary stream than predicted by the half-
circle approximation for secondary flow area A, of the mathe-
matical model. Consequently, the secondary flow area must
present a wider obstacle to the primary stream and cause a
larger effective shock angle along the wall. This explains
why the actual exit plane shock azimuth &, was greater than

predicted values for extensions 1 and 2.

In extensions 3 and 4, a somewhat different situation exists.
The theoretical natural separation point of the primary stream
is upstream of the shock apex. As the overexpansion condition
becomes more extreme, the shock outline in fact becomes less
clearly defined. The injected gas tends to fill in much of
the region of the wall where the primary flow has separated
from the wall. Consequently, the injected gas affects an even
larger area within the primary nozzle, but it creates a rela-
tively smaller change in the static pressures along the wall.
The final result of this effect is a decrease in the injector

thrust amplification produced by the shock mechanisms.

For all conditions tested in this program, the amplification
of side force in the SITVC phenomenon is lower than predicted.

The equation for theoretically determining side force (Section
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2.3) predicted a specific impulse ratio of1.68(Ij/T = 104/62 =
1.68). Under full-flowing conditions obtained with extension 1,
Ij/I = 86/62 = 1.39, With the separated flow conditions of ex-
tensions 2, 3, and 4, the specific Impulse ratio diminishes to

a level of approximately one.

For purpose of comparison, previous Vickers-NASA tests of

normal (& = 0°) warm gas injection into full-flowing hot gas
primary streams produced a specific impulse ratio of 1.2,

With a 20° injection angle, the specific impulSe ratio for that
system increased to 1.45., The data on injection angle presented
in Section 6.2 of this report show that a specific impulse

ratio of 2.0 can be achieved with cold gas injection into a

cold gas primary stream.

Predicted and measured values of primary specific impulse are
in agreement for the full-flowing conditions in extension 1.
With the efficlency losses due to separated flow in the other
extensions, primary specific impulse'drops from 62 seconds to

56 seconds.

5.2 Review of NAS 1-4102 (Phase I) Results

As explained in Section 1.2, results obtained in contract

NAS 1-4102 indicated an increase in secondary specific impulse
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under separated-flow conditions. The present tests show a

decrease. There is no reason to expect that the change in
primary and secondary fluids would produce opposite effects.

Instead, the cause of this apparent contradiction in test re-

sults is believed to be in the difference in test configura-

tions.

The mixture of primary and secondary gases in the present tests

was exhausted directly into the atmosphere. In the previous
- tests, however, an altitude cabin and diffuser were used to

: simulate altitude conditions. The diffuser entrance was placed
3 approximately one centimeter from the primary nozzle exit. When
“ the flow patterns produced by the injectors eroded the diffuser
’’’’’’ tube wall in critical areas, some of the flow leaving the pri-
mary nozzle escaped the diffuser and began to pressurize the

cabin. It is now hypothesized that this escaping gas was the

source of the increased thrust vector force.

Until results of the present tests showed that separated-flow
SITVC itself does not produce magnified thrust vectoring

forces, a different hypothesis had been developed to explain

these magnified forces. Readings from pressure taps during the

previous tests indicated a basic change in primary nozzle flow
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pattern that suggested a '"fluid amplifier" operation. It was
hypothesized that the injection port passing the larger amount
of flow "switched" the separated primary stream to the opposite
wall. Pressure taps near the injection port with greater flow
indicated a superposition of conventional shock pressures onto
ambient pressure whereas pressure taps on the o?posite wall
indicated pressure expected of a full-flowlng primary nozzle.

A technique of integrating the pressures on the nozzle wall
under both full-flowing and separated-flow conditions sub-
stantiated the increase in side force shown by the load cells

under separated-flow conditions.

These same static pressure characteristics can also be inter-
preted in a manner that supports the theory that escaping gas
produced the increase in side force. The static pressure
readings on the primary wall opposite the injector passing the
greater flow indicate that the primary stream was flowing
along that portion of the wall. Whenever gas escaped into the
altitude cabin, it was more likely to escape at this azimuth of
the primary nozzle exit and thus exert a reaction force on the
thrust stand in a direétion the same as that intended with the
secondary injected gas. The pressure tap readings show the

location of this reaction force to be that portion of the
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primary nozzle wall downstream of the injection port with the
greater flow. In thils affected area of the nozzle wall, the
increase in static pressures relative to the pressures found
under full-flowing conditions is uniformly distributed. The
uniform level of pressure increase was of the same magnitude

as the ambient pressure of the altitude cabin at that time.

The fact that neither increased side force nor increased statilc
pressures were found in the present series of separated-flow
tests indicates that the static pressure increases superimposed
on the shock pressures in the earlier tests were produced by
reaction force of escaping gas rather than an intrusion of

amblent pressure.

The original data had been examined for possible correlation
between high TVC forces, éscaping gas, and the rate of cabin
pressurization. In the test performed January 12, 1966, at
the Allegany Ballistic Laboratory, motion picture films taken
through a window of the altitude cabin showed three definite
occurrences of exhaust gas blowback into the cabin. Each of
these three blowbacks was accompanied by both an increase in
cabin pressure and a high TVC amplification factor. At no
other time in this test did any cabin pressurization or high

TVC forces occur. This evidence was weakened, however, by the



results of the two previousktests in the altitude cabin., 1In
these tests, so much gas escaped into the cabin that smoke
blocked the view of the test stand. The data did show that
a rate of cabin pressurization such as 0.5 psi (3450 n/mz)
per second was in general accompanied by side forces above
those produced under design conditions of system operation.
There were, however, situations of large side force without
noticeable cabin pressurization. This was the key factor in
the original belief that the side force increase was due to

fluid amplifier effects rather than the escaping gas. The

explanation is that the amount of gas sufficient to account for

the maximum force increase would produce such a low pressuriza-

tion rate—less than 0.02 psi (138 n/mz) per second—that it

could not be read from the time plots of cabin pressure.
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SECTION 6

OTHER TEST RESULTS

6.1 Frequency Response Tests

Tests 85, 86, and 87 determine the frequency response of thé
SITVC fluid mechanism. Sinusoidal signals were applied to the
pneumatic valve at frequency intervals of five cps from five to
sixty cps. Figure 6.1 shows the results in terms of the side
force to differential injector chamber pressures ratio, Fj/Ach,
relative to steady-state conditions. Testing was limited to
sixty cps due to the combined attenuation of the valVe, gas
manifold volume between valve and injectors, and the fluid
mechanism itself. Some 25 and 30 cps data points were disre-
garded due to distortion In the chamber pressure sinusoidal
signals. The curve drawn through the given data points in‘
Figure 6.1 closely approximates the theoretical response of

a second order system with 40 cps resonance and 0.3 damping

ratio.

The above results are belleved to be unaffected by thrust
stand dynamics. A simple check of thrust stand resonant fre-
quency was made by tapping the assembly at the injection plane.

The load cell traces on the oscillograph showed a resonant
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frequency of 243 cps. Although some higher harmonics seemed

to be superimposed, no frequencies below 243 cps could be

detected.

The data obtained in previous contracts (NAS 1-4102 and NAS

1-2962; see references) indicated the SITVC fluid mechanism
could be represented by a first-order transfer function with a
corner frequency in excess of 35 cps. That testing, however,
was performed on a thrust stand with a 25 cps resonant fre-
quency. SITVC frequency response data were mathematically
extracted from the load cell readings. The high amplitude
ratio of measured side forée to differential chamber pressures
(as much as +25 decibels at 20 cps) was assumed entirely due

to thrust stand resonance.

The positive decibels of SITVC frequency response encountered

in the current tests were not expected; but no evidence that

the positive frequency response was contributed by test or

instrumentation components other than the SITVC fluid mechanism

could be found. The possibility still remains, however, that

some combination of the nitrogen supply system, primary and

secondary hose stiffness when pressurized, secondary hose vol-
ume and configuration, and the location of the chamber pressure

taps could have been responsible.
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6.2 Varied Injection Angle Tests

The primary nozzle extension subassembly shown in Figure 6.2 was
used to perform the varled injection angle tests. Geometry of
the primary nozzle and the single injection nozzle is the same
as that listed for extension‘l in Figure 1.1. The pivot point
for the injector was placed as close as possible to the primary
nozzle axis in order to maintain a relatively constant X/L
rétio and to minimize the size of the hole required in the
primary nozzle wall. The injector was set at eleven positions
between -30° and 45° as tabulated in Figure 1.5. Results of
the individual tests are given in Figures 6.3, 6.4, and 6.5.

Figure 6.6 is a composite of all eleven tests.
Some observations can be made from these results:

1. At low flow rates in the extreme injection angle position—
specifically -30°, 37%°, and 45°—there may be some effect
on injectant specific impulse produced by protrusion of an

edge of the injector into the primary stream.

2. A decreasing specific impulse at high flow rates for & > 15°

shows the.degrading effect of having the exit plane shock

azimuth exceed 90°.
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An optimum injection angle based on specific impulse level,

simplicity of assembly,and linearity of response appears

to be 22%-°,

As the injection angle is turned upstream from 0° to 30°,

the secondary specific impulse increases at a greater rate

than the 1/cos ¢ factor predicted in Section 2.3.
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Figure 6.2 Full Scale Cross-Section of Primary Nozzle
Extension with Varied Injection Angle Subassembly
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Figure 6.6 - Composite Results of Varied
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SECTION 7

SUMMARY AND CONCLUSIONS

7.1 Separated-Flow SITVC

Test results with nitrogen gas in both primary and secondary
systems indicated a decrease in secondary specific Impulse as the
primary nozzle expansion was increased to produce’separated flow.
In all tests the secondary gas was injected normai to the pri-
mary nozzle axis at an X/L location of 0.75. When the secondary
injection came from one port only, secondary specific impulse
dropped from 86 seconds under full-flowing conditions to 52
seconds at the’most extreme case of primary nozzle overexpansion
tested. When the injected gas came from two opposed injéction
ports, nonlinear effects of shock wave interaction in the over-
expénded primary nozzle superimposed varilations on the basic

results obtained with one port blocked.

In all conditions tested, and especially those with the greater
degree of flow separation, the effective shock azimuth at the
primary nozzle exit was larger than the value predicted by a
mathematical model. In fact, the exit plane shock azimuth
frequently exceeded 90° and caused a deterioration in the SITVC

amplification factor. In order to reduce the exit plane shock
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azimuth, the injection ports should be located closer to the

primary nozzle exit.

The salient conclusion derived from these tests is that gas-
eous secondary injection into an overexpanded primary nozzle
does not produce sufficient side force amplification to com-
pensate for the additional weight of the overexpanded nozzle.
If the design of such a system is under consideration, however,
the data cross-plots presented in Figures 3.19 through 3.30 and
Figure 3.34 provide sufficient information for estimating the
TVC force produced over a wide range of secondary flow and

primary overexpansion conditions.

7.2 Frequency Response

A primary nozzle with sea-level expansion was tested with sinu-
soidal variation of the flow from opposed injection ports. The
SITVC frequency response curve of Figure 6.1 indicates a seéond
order system with 40 cps resonant frequency and 0.3 damping

ratio.

7.3 Varied Injection Angle

A primary nozzle with sea-level expansion was tested at 7%°
intervals of injection angle between 30° downstream and 45° up-

stream. Composite results are given in Figure 6.6. Of the
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&
% angles tested, an optimum injection angle based on specific
impulse level, simplicity of assembly, and linearity of response

appears to be 22%° upstream.
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